In t(8;21) acute myeloid leukemia (AML), the AML1/ETO fusion protein promotes leukemogenesis by recruiting histone deacetylase (HDAC) and silencing AML1 target genes important for hematopoietic differentiation. We hypothesized that depsipeptide (FR901228), a novel HDAC inhibitor evaluated in ongoing clinical trials, restores gene transcription and cell differentiation in AML1/ETO-positive cells. A dose-dependent increase in H3 and H4 histone acetylation was noted in depsipeptidetreated AML1/ETO-positive Kasumi-1 cells and blasts from a patient with t(8;21) AML. Consistent with this biological effect, we also showed a dose-dependent increase in cytotoxicity, expression of IL-3, here used as read-out for silenced AML1-target genes, upregulation of CD11b with other morphologic changes suggestive of partial cell differentiation in Kasumi-1 cells. Some of these biologic effects were also attained in other myeloid leukemia cell lines, suggesting that depsipeptide has differentiation and cytotoxic activity in AML cells, regardless of the underlying genomic abnormality. Notably, the activity of depsipeptide was enhanced by 5-aza-2Ј-deoxycytidine, a DNA methyltransferase inhibitor (DNMT). These two agents in combination resulted in enhanced histone acetylation, IL-3 expression, and cytotoxicity, suggesting HDAC and DNMT activities as a potential dual target in future therapeutic strategies for AML1/ETO and other molecular subgroups of AML.
Introduction
Histone acetylation contributes to the local remodeling of chromatin and in turn, regulates expression of genes important in cell differentiation, proliferation and apoptosis. 1 Levels of histone acetylation are regulated by a balance between the histone acetyltransferase (HAT) and histone deacetylase (HDAC) activities. Notably, disruption of proteins with HAT activity or their recruiting transcription factors has been reported in the context of a variety of non-random chromosome translocations occurring in acute myeloid leukemia (AML). 1 The t(8;21)(q22;q22) found in approximately 7 to 10% of patients with AML, results in the fusion of the AML1 gene at chromosome band 21q22 with the ETO gene at chromosome band 8q22 (reviewed in Ref. 3) . Of the two fusion partners, AML1 encodes the ␣ subunit of core binding factor (CBF), an ␣␤ heterodimeric transcriptional activator of genes important in normal hematopoiesis (ie interleukin 3 (IL-3), granulocyte-macrophage colony-stimulating factor (GM-CSF), myeloperoxidase, neutrophil elastase, among others). [4] [5] [6] In contrast, the normal function of the ETO gene remains largely unknown, although a role as a transcription regulator in early hematopoiesis is likely. 7 Recent studies have indicated that the AML1/ETO fusion protein disrupts normal hematopoiesis by blocking trans-activation of AML1 target genes through recruit of HDAC1. [8] [9] [10] Therefore, we have hypothesized that inhibition of HDAC activity might restore gene transcription and induce differentiation in AML1/ETO-positive cells. 11 To validate this hypothesis, we exposed AML1/ETO-positive cells to depsipeptide (FR901228), a natural tetrapeptide HDAC inhibitor that has recently emerged as a novel antitumor agent. This compound, isolated from Chromobacterium violaceum No. 96, is characterized by a bicyclic structure composed of four amino acids (D-valine, D-cysteine, dehydrobutyrine and L-valine) and a novel acid (3-hydroxy-7-mercapto-4 heptenoic acid). 12, 13 In preclinical studies depsipeptide was shown to inhibit intracellular HDAC activity and in turn, induce accumulation of acetylated histones. 13 Nakajima et al 14 reported that these biological effects correlated with the ability of depsipeptide to activate gene transcription in M-8 cells transfected with an SV40 promoter-driven CAT reporter gene. The same group also reported that depsipeptide was able to induce in vitro arrest of the cell cycle at both G1 and G2/M phases as well as the shrinkage and internucleosomal breakdown of chromatin characteristic of apoptotic cells. Finally, Byrd et al 15 have recently shown that depsipeptide selectively promotes apoptosis in human chronic lymphocytic leukemia (CLL) cells with respect to normal cells. To date, the clinical activity of depsipeptide has been evaluated in solid tumors and T cell non-Hodgkin lymphomas. 16, 17 In addition, a phase I trial in patients with AML and CLL has recently been initiated at our institution. 18 Herein, we provide the first report of the ability of depsipeptide to restore AML1 target gene transcription and cell differentiation in the context of AML1/ETO-mediated leukemogenesis.
Materials and methods

Histone isolation and analysis
AML1/ETO-positive myeloblasts and Kasumi-1 cells 19 were incubated in RPMI supplemented with 20% of fetal bovine serum (FBS) at varying concentrations of depsipeptide (dose range 0.038 nmol/l to 380 nmol/l) and/or 5-aza-2Ј-deoxycytidine (2.5 mol/l) (Sigma, St Louis, MO, USA). Depsipeptide was obtained from the Developmental Therapeutics Program, Division of Cancer Treatment, National Cancer Institute (Bethesda, MD, USA). Depsipeptide was diluted in dimethylsulfoxide (DMSO), and aliquots from this stock were in turn diluted in media before cell treatment. Pilot studies in our laboratories showed no biological activity of DMSO alone compared to depsipeptide (diluted in DMSO) at the used concentrations and volumes. Therefore, we utilized cells treated with media alone as a control, and did not include cells treated with DMSO alone as a control, since the assays for these two cell populations have given the same results.
Histones were isolated as previously reported. 20 Briefly, cells were lysed by 20 strokes in a Dounce homogenizer in 5 ml of buffer (10 mM Tris, HCl pH 7.5/1.5 mM MgCl 2 /1.0 mM CaCl 2 /0.25 M sucrose/0.5% Triton X-100/2.0 mM ZnSO 4 0.2 mM PMSF/1 mM benzamidine). Nuclei were collected by centrifugation at 2000 g for 5 min, and then washed twice with 5 ml of buffer lacking Triton X-100. Histones were then extracted by resuspending the nuclear pellet in 1 ml of 0.4 N H 2 SO 4 . Following a 1 h incubation at 4°C, insoluble proteins were removed by centrifugation (10 000 g for 10 min). Histones were precipitated by the addition of trichloroacetic acid to the supernatant to a final concentration of 20% and incubation for 30 min at 4°C. The histones were collected by centrifugation at 10 000 g for 10 min, washed twice with cold acetone (−20°C) and resuspended in 0.5 ml water.
Acetylated histones H3 and H4 were analyzed by immuno-
Figure 1
Acetylation of the histone H4 N-terminal tail in AML1/ETO-positive Kasumi-1 and blasts, and AML1/ETO-negative NB-4 and K562 cells following treatment with depsipeptide. Histones were isolated from cells treated for 24 h with the indicated concentrations of depsipeptide and/or 5-aza-2Ј-deoxycytidine. Equal amounts of histones from batch conditions were resolved by SDS-PAGE (equal loading shown by commassie blue staining, top panel) followed by immunoblot analysis using antibodies with the indicated specificity. Changes in acetylation were more pronounced at H4 lysine residues K5, K8, K12, and lower at H4 K16 in Kasumi-1 cells. Further, following exposure to 1 nmol/l depsipeptide and 2.5 mol/l 5-aza-2Ј-deoxycytidine in combination, H4 acetylation levels were greater than following treatment with each agent alone, suggesting that 5-aza-2Ј-deoxycytidine enhances the HDAC inhibitory activity of depsipeptide (a). Similar patterns of H4 lysine residue acetylation were detected in NB-4 and K562 cell lines (composite picture from the same gel) (b). The amount of acetylated H3 and H4 in AML1/ETOpositive leukemic blast from a patient with relapsed AML-M2 t(8;21)(q22;q22) increased in a dose-dependent manner at 4 h and 24 h following a 4 h incubation with increasing doses of depsipeptide. Lane equivalent loading was verified by assessment with Fast Green staining (not shown) (c).
Leukemia blot SDS-PAGE on 18% polyacrylamide gels. Gels were either stained with Coommassie blue to compare total protein levels or blotted to nitrocellulose membrane for immunoblot analysis. Immunoblots were probed with rabbit anti-human acetylated H3 (Upstate Biotechnology, Lake Placid, NY, USA), rabbit anti-human acetylated H4, and histone H4 acetylation sitespecific antibodies (Upstate Biotechnology, Serotec, Raleigh, NC, USA; and Upstate Biotechnology; MR Parthun and DE Gottsching, unpublished results). Similar methodology was used to assess histone acetylation in NB-4 and K562 cell lines.
RT-PCR and Real Time RT-PCR assays for IL-3
Kasumi-1 cells were treated with depsipeptide (0.1 to 100 nmol/l) and/or 5-aza-2Ј-deoxycytidine (0.25 to 5 mol/l). Untreated cells were used as a negative control. Total RNA from untreated and treated cells was extracted using the Ambion RNAqueous kit according to the manufacturer's directions (Ambion, Austin, TX, USA). The RT step was carried out as previously described using 2 g of RNA.
21 Nested RT-PCR to amplify the IL-3 transcript was carried out using 2 l of the first round amplification as previously described. 22 Quantification of the IL-3 expression from treated or untreated Kasumi-1 samples was performed by Real Time RT-PCR, as previously described. 21 Sequences of the fluorometric probes and primers were designed using the Primer Express program (Applied Biosystems, Foster City, CA, USA): forward primer ATGTCTGCCCCTGGCCA; reverse primer CAGTCACCGTCC TTGATATGGA; probe CCGCACCCACGCGACATCC. cDNA samples were used as a template in a PCR amplification reaction containing (1) a set of primers and a FAM-labeled probe for the IL-3 transcripts, and (2) primers and a VIC-labeled probe for a housekeeping gene 18S. Quantification standards constructed in vitro for both transcripts (ie IL-3 and 18S) were used to create separate standard curves against which the amounts of the target and housekeeping transcripts in each sample were calculated as previously described. 21 The result of the Real Time RT-PCR assay for each sample was reported as a ratio of IL-3 copies to 10 6 18S copies.
Southern analysis to assess the methylation status of IL-3 promoter
Genomic DNA from Kasumi-1 cells was isolated for Southern analysis using a standard procedure. 23 Approximately 10 g of DNA from each sample was digested to completion using EcoRV and SmaI, a methylation-sensitive restriction enzyme. The digested DNA was fractionated on a 0.8% agarose gel followed by transfer of DNA to a positively charged nylon membrane. The DNA was then hybridized with the IL3/em probe (792 bp) for the IL-3 promoter, synthesized in our laboratory. Southern blotting, probe radiolabeling, hybridization and autoradiography were performed by standard techniques. 23 
Flow cytometry for cell apoptosis and CD11b expression
Expression of CD11b antigen was evaluated by direct immunofluorescence staining of untreated and depsipeptide treated Kasumi-1, NB-4 and K562 cells using anti-CD11b-FITC (Immunotech). Nonspecific binding was determined using appropriate isotypic controls. After washing with 1× PBS, the cells were resuspended in 100 l of PBS, blocked with Mouse IgG Technical grade (Sigma) for 10 min on ice and stained with anti-CD11b FITC for 30 min (on ice in dark), washed again in 1× PBS, and fixed in 1% formalin. Immunofluorescence analysis of CD11b expression was performed at 24 h following exposure to depsipeptide. Apoptosis studies were performed on 5 × 10 5 leukemic blasts from an AML patient at 4 h and 24 h following a 4 h exposure to depsipeptide. Apoptosis studies in cell lines (Kasumi-1, NB-4 and K562) were performed following 24 and 48 h exposures to depsipeptide and/or 5-aza-2Ј-deoxycytidine. Untreated cells were used as controls. Apoptosis was measured using annexin V-FTIC and propidium iodide (PI) according to the manufacturer's protocol (Pharmigen, San Diego, CA, USA). Immunofluorescence analysis of CD11b expression and apoptosis was performed using a FACS Calibur (Becton Dickinson, Franklin Lakes, NJ, USA) and CellQuest software. At least 10 4 events were analyzed, and all experiments were performed in triplicate.
Viability and differentiation assays
Kasumi-1 cells cultured in RPMI supplemented with 20% FBS were treated with depsipeptide and/or 5-aza-2Ј-deoxycytidine (2.5 mol/l) as described above. Untreated Kasumi-1 cells were used as control. Cell viability in treated and untreated cells was assessed by trypan blue exclusion at 4, 12, 24, 48 and 72 h following drug exposure. All experiments were performed in triplicate.
For morphological analysis 5 × 10 5 untreated or depsipeptide-treated Kasumi-1, NB-4 and K562 cells were deposited on to glass slides in a Shandon Cytospin 3 centrifuge. Cells harvested at 24, 48, 72 and 96 h were then stained with Wright-Giemsa stain.
Untreated or depsipeptide-treated K562 was also assessed for differentiation by hemoglobin staining with the benzidine method. After being washed two times with PBS, 100 L of 0.9% NaCl were added to suspend 0.5 × 10 6 cells. To 1 ml of 0.2% tetramethyl-benzidine (T-2885; Sigma) in 0.5 mol/l HAc, 20 l of 30% H 2 O 2 were then added. Of this benzidine reagent solution, 50 l was added to the cell suspension, followed by incubation at room temperature for 30 min, protected from light, and occasionally agitated. Cells were subsequently diluted in 200 l 0.9% NaCl and 200 cells were counted to determine the percentage of benzidine-positive cells, visualized as cells containing blue crystals.
Statistical methods
An analysis of variance for the nested-factorial design with outcome variable cell viability and factors measurement time and drug concentration was conducted to determine if there was any significant difference with respect to measurement times, drug concentrations, and the interaction term. Since there was a significant interaction between measurement time and drug concentration, simple effects were examined. Interesting pairwise comparisons were determined from examination of the factor plots. Pairwise comparisons of interest at each measurement time were made using a two-sample t-test. Pairwise comparisons of apoptosis were also made using a two-sample t-test. An alpha level of 0.05 was used to assess significance.
A probit model at each measurement time was fit using cell Leukemia viability as the dependent variable with dose concentration as the independent variable. The LC 50 and its associated standard error were calculated as the inverse prediction when the percent of cell viability was 50%.
Results
Depsipeptide induces histone acetylation in Kasumi-1 cells
The ability of depsipeptide to induce histone acetylation was assessed in AML1/ETO-positive Kasumi-1 cells (Figure 1a) . The baseline low level of H4 acetylation detected in untreated Kasumi-1 cells significantly increased following 24 h exposure to 5 to 10 nmol/l depsipeptide. Interestingly, the degree of increase in H4 acetylation was not uniformly distributed among the lysine residues of the histone NH 2 terminal tail. Levels of acetylation were markedly increased at lysine residues K5, K8 and K12, while only a relatively modest increase in acetylation could be detected at K16 (Figure 1a) . A similar pattern of H4 lysine residues acetylation was also observed in other leukemic cell lines (ie NB-4 and K562) (Figure 1b) .
The above results were validated in AML1/ETO-positive blasts isolated from a 24-year-old patient with t(8;21)(q22;q22) AML-M2 with CD56
+ blasts, who presented in second relapse with a white cell count of 36 × 10 6 /l and a total peripheral blood blast count of 25 × 10 6 /l. After written informed consent, peripheral blood was obtained. These cells were treated with a 4 h exposure to depsipeptide, mimicking one of the dose schedules applied in in vivo studies. 18 A depsipeptide dose-related increase in acetylated H3 and H4 was detected at 4 h, and persisted for at least 24 h (depsipeptide concentration range 0.038 to 380 nmol/l) (Figure 1c ).
Depsipeptide-induced transcriptional activation of IL-3 in AML1/ETO-positive cells
Next, we hypothesized that depsipeptide, by virtue of its HDAC inhibitory activity, could relieve AML1/ETO-mediated transcriptional repression. IL-3, an AML1 target gene silenced in Kasumi-1 cells, was chosen as a read-out for AML1-ETO
Leukemia
Figure 6
Comparison of depsipeptide-induced expression of CD11b in Kasumi-1, NB-4 and K562 cells. Following treatment with varying concentrations of depsipeptide for 24 h, CD11b expression was assessed by flow cytometry. A dose-dependent increase in CD11b was noted in Kasumi-1 and NB-4 cells, but not in the erythroblastic K562 cell line (a). Morphological changes consistent with partial cell differentiation were detected in Kasumi-1 following exposure to different doses of depsipeptide for 96 h (b). Differentiation in NB-4 and K562 (by benzidine staining) was also detected (not shown). 
DNA methylation contributes to IL-3 transcriptional repression
In previous studies, a link between histone deacetylation and DNA methylation has been reported. 24, 25 Therefore, we speculated that in AML1/ETO leukemogenesis, DNA methylation could contribute to transcriptional repression of IL-3. To validate this hypothesis, we demonstrated by Southern analysis that the IL-3 promoter region was methylated in Kasumi-1 cells (Figure 3) . We used restriction analysis to compare the methylation status of IL-3 promoter of Kasumi-1 cells with that of bone marrow cells isolated from a normal donor. We showed that SmaI, a methylation-sensitive enzyme, digested an EcoRV fragment corresponding to the IL-3 gene promoter in normal bone marrow cells (unmethylated), but not in Kasumi-1 cells (methylated). Consistent with these results, a dosedependent increase in IL-3 expression was noted following treatment of Kasumi-1 cells with 5-aza-2Ј-deoxycytidine, a potent DNA methyltransferase I (DNMT I) inhibitor (Figure 4) . IL-3 transcripts, undetectable in untreated Kasumi-1, increased up to 3 logs following 48 h exposure at 1 to 5 mol/l 5-aza-2Ј-deoxycytidine. These data therefore suggested that DNA methylation contributes to the silencing of IL-3.
To further assess the hypothesis that both HDAC and DNMT activities contribute to IL-3 silencing, we next exposed Kasumi-1 cells to low doses of depsipeptide (3 nmol/l) and 5-aza-2Ј-deoxycytidine (250 nmol/l) in combination. The combination resulted in a synergistic increase in IL-3 expression, otherwise undetectable in cells treated with each agent alone ( Figure 5) . Notably, we also showed an increase in histone acetylation occurring in Kasumi-1 cells exposed to a combination of depsipeptide and 5-aza-2Ј-deoxycytidine at doses at which each compound alone was not active (Figure 1a ).
Figure 7
Kasumi-1 cell viability following treatment with depsipeptide (a) or depsipeptide and 5-aza-2Ј-deoxycytidine in combination (b). Depsipeptide (deps) induced a dose-and time-dependent cytotoxic activity in Kasumi-1 cells (a). An additive cytotoxic activity was seen with 5-aza-2Ј-deoxycytidine (5-a-2dc) and depsipeptide used in combination (b).
Depsipeptide upregulates expression of CD11b and induces partial differentiation in Kasumi-1 cells
Based upon these biological effects induced by depsipeptide on histone acetylation and gene transcription, we predicted that this compound could also relieve the maturation block and induce cell differentiation. A dose-dependent increase in CD11b expression was in fact measured by flow cytometry following exposure to depsipeptide (0.1 to 5 nmol/l) ( Figure  6a ). Consistent with these results, cytospin preparations of cells treated for 24 to 96 h with depsipeptide showed morphological changes consistent with partial cell differentiation (Figure 6b ). Evidence of cell differentiation was also noted in NB-4 cells by CD11b expression (Figure 6a ) and in K562 cells by hemoglobin staining with benzidine (not shown).
Depsipeptide induces cytotoxicity in Kasumi-1
Finally, along with cell differentiation, we also noted a significant cytotoxic activity of depsipeptide. Depsipeptideinduced cytotoxicity was studied in Kasumi-1 cells by constructing time-and dose-dependent viability curves. A decrease in cell viability was significantly associated with an increase in concentration (P < 0.0001) and time (P < 0.0001) of exposure to depsipeptide (Figure 7a ). The average depsipeptide concentration required to produce 50% cytotoxicity (LC 50 ) was determined to be 21.8 ± 0.022 nmol/l at 12 h, 11.5 ± 0.007 nmol/l at 24 h and 4.6 ± 0.002 nmol/l at 48 h.
A further increase in cytotoxicity was noted when Kasumi-1 cells were incubated for a maximum of 96 hours at lower concentrations of depsipeptide (0.1 to 10 nmol/l) in combination with 5-aza-2Ј-deoxycytidine (2.5 mol/l) (Figure 7b) . The average concentration required to produce 50% cytotoxicity (LC 50 ) was lower for depsipeptide in combination with 5-aza-2Ј-deoxycytidine than for depsipeptide alone: 10.5 ± 0.020 nmol/l vs 21.8 ± 0.022 nmol/l at 12 h, 9.0 ± 0.006 vs 11.5 ± 0.007 nmol/l at 24 h and 0.03 ± 0.003 nmol/l vs 4.6 ± 0.002 nmol/l at 48 h, respectively.
Leukemia
A depsipeptide dose-dependent increase in apoptosis rate of Kasumi-1 cells was also demonstrated by Annexin V/PI staining ( Figure 8 ). Percentage of apoptosis varied between 7 ± 2.80 and 29 ± 1.24% at 24 h. Similar results were also attained in AML1/ETO-positive blasts ( Figure 9 ) and in other leukemic cell lines (NB-4 and K562) (not shown). Notably, a further increase in depsipeptide-induced cytotoxicity was again observed when Kasumi-1 cells were pretreated with 5-aza-2Ј-deoxycytidine ( Figure 8 ).
Discussion
Histone acetylation has emerged as an important regulatory mechanism for gene transcription. Several studies have suggested that aberrant chromatin remodeling may be a key leukemogenic step in AML subtypes characterized by disruption of genes encoding HAT or their recruiting factors (reviewed in Ref. 1) . In this context, the balance between HAT and HDAC enzymatic activities appears to be altered in favor of the latter, resulting in decreased levels of histone acetylation and repression of genes important for cell differentiation or apoptosis. In recent years, a variety of compounds with the common ability to inhibit HDAC activity have been discovered. 11 In t(8;21) AML, for example, where the AML1/ETO fusion protein contributes to leukemogenesis by recruiting a HDAC complex to AML1 target genes, exposure of leukemic cells to the HDAC inhibitors trichostatin A and phenylbutyrate was shown to increase transcriptional activation and induce cell differentiation. 26 Similar results were reported when retinoic acid (RA) was combined in vitro with HDAC inhibitors. 27 In the current study, we hypothesized that depsipeptide, by virtue of its HDAC inhibitory activity, is able to restore gene transcription and differentiation in AML1/ETO-positive myeloid leukemic cells. We showed that nanomolar concentrations of depsipeptide resulted in a detectable accumulation of acetylated histones in both Kasumi-1 cell line and AML1/ETO-positive blasts from a patient with t(8;21) AML. Further, expression of IL-3, used as a readout for AML1/ETO
Figure 8
Apoptosis rate in the Kasumi-1 cell line by annexin-V (x axis) and propidium iodide (PI) (y axis) staining after exposure to medium (untreated), depsipeptide (deps) alone or depsipeptide in combination with 5-aza-2Ј-deoxycytidine (5-a-2dc). Kasumi-1 cells were treated with medium or with 5-aza-2Ј-deoxycytidine (5-a-2dc). Kasumi-1 cells were treated with medium or with 5-aza-2Ј-deoxycytidine alone (a) or with 0.1 to 100 nmol/l depsipeptide alone (b) or in combination with 5-aza-2Ј-deoxycytidine (2.5 mol/l) (c). Increasing apoptosis and cytotoxicity were noted with depsipeptide alone and were enhanced by combination with 5-aza-2Ј-deoxycytidine (appreciable only at lower depsipeptide concentrations). The percentage of apoptosis in each sample is reported in the right lower quadrant.
Figure 9
Apoptosis rate in AML1/ETO-positive blasts cell line by annexin-V (x axis) and propidium iodide (PI) (y axis) staining afte exposure to media (untreated) or increasing doses of depsipeptide.
transcriptional repression, was detected in depsipeptidetreated Kasumi-1 cells. This is the first report of transcriptional reactivation of an AML1 target gene (ie IL-3) in a relevant AML1-ETO-positive cell culture model. Notably, treatment with depsipeptide induced only a modest level of IL-3 expression, suggesting that other mechanisms of transcriptional repression were active on this AML1 target gene. Consistent with this hypothesis, we noted that increase in acetylation was more pronounced on H4 lysine residues K5, 8 and 12 and less on lysine residue K16. While it remains to be determined if this pattern of histone acetylation is depsipeptide-specific and directly correlated to the anti-tumor activity of this compound, it is increasingly clear that specific patterns of histone post-translational modifications may have distinct cellular functions. Acetylation of H4 K5, K8 and K12 is associated with the deposition of newly synthesized histones on to newly replicated DNA 28 whereas H4 K16 acetylation has been closely linked to transcriptional activation. 29, 30 Therefore, the modest increase in IL-3 expression detected following depsipeptide exposure could be explained in part by the weak re-acetylation of H4 K16 residue.
Other mechanisms of gene repression, however, could also be operative in addition to histone deacetylation to explain these results. In fact, we demonstrated that the IL-3 promoter was methylated and that exposure to 5-aza-2Ј-deoxycytidine, a potent DNMT I inhibitor, restored IL-3 expression at levels 1 to 3 log-fold higher than those measured following treatment with depsipeptide alone. These results support the notion that DNA methylation not only occurs on the IL-3 promoter, but also that this is the likely dominant mechanism of transcriptional repression, since 5-aza-2Ј-deoxycytidine appeared much more efficient than depsipeptide in restoring gene expression. Notably, exposure to lower concentrations of 5-aza-2Ј-deoxycytidine (ie 250 nmol/l) and depsipeptide (ie 3 nmol/l) in combination resulted in a synergistic increase in IL-3 expression, otherwise absent in Kasumi-1 cells untreated or treated with either compound alone at these same doses, supporting the finding that both histone deacetylation and DNA methylation may ultimately contribute to IL-3 silencing. This is the first report suggesting that HDAC and DNMT are simultaneously operative in repressing AML1 target genes in a relevant AML1/ETO-positive cell culture model and is reminiscent of the results described by other groups in colorectal cancer and PML/RA␣-positive leukemic cells. 31, 32 Based upon these results, we also speculated that depsipeptide-induced histone acetylation and gene transcription could ultimately lead to removal of the maturation block occurring in AML1/ETO-positive cells. Consistent with this hypothesis, we found that depsipeptide was able to induce morphologic changes and upregulation of CD11b, suggestive of partial cell differentiation in Kasumi-1 cells. With cell differentiation however, an increase in cytotoxicity was also noted. Although it is possible that the differentiation signaling induced by depsipeptide could lead to apoptosis, other pathways independent from terminal cell differentiation could also become activated. Interestingly, a significant decrease in cell viability was observed when Kasumi-1 cells were pretreated with 5-aza-2Ј-deoxycytidine, suggesting a potential role for the combination as a cytotoxic treatment in AML1/ETO-positive AML. Studies to identify the cytotoxic and apoptotic mechanisms triggered by depsipeptide alone and in combination with 5-aza-2Ј-deoxycytidine are underway.
Finally, although the primary goal of our study was to test the activity of depsipeptide on AML1/ETO-positive cells, similar biological effects were also shown in other molecular subLeukemia types of myeloid leukemic cells (ie NB-4 and K562). These results suggest therefore that it is likely that this compound interferes with common patterns of HDAC-dependent mechanisms of maturation block occurring in leukemia cells regardless of their underlying genetic alterations. This conclusion finds further support in our encouraging preliminary clinical results seen in patients with relapsed or refractory AML1/ETO-negative AML treated with depsipeptide as single agent. 18 Although the experiments of this study were conducted mostly in cell lines, taken together our results suggest that depsipeptide has a significant activity in AML1/ETO and other molecular subgroups of AML. The biological effects of this compound appear to be enhanced by 5-aza-2Ј-deoxycytidine, supporting incorporation of both agents in therapeutic strategies that target epigenetic mutations in myeloid leukemic cells.
